Device simulations of(1) the laterally-contacted-fipo~aI-nuc~em detector (LUND), (2) the SpectrumPlus, (3) and the coplanar grid made of CdO.gZM.ITe (CZT)
L Introduction
Theunipol= mdiation detectors madeofsemi-insulating C&.gZm.lTe (CZT)
,2] have recently received much attention, due to their potential for improved gma-ray detection sensitivi~andenergy resolution [3] [4] [5] [6] . Because theeIectron rnobilities are -20 times larger than the hole nobilities and because the electron lifetimes are at least -10 times longer than the hole lifetimes in these materials [7, 8] , these unipolar devices are designed to depend only on the electron's transport properties.
However, because of the unknown variation in the starting detector materials, the high cost of materials and fabrication, and the relatively complex geometries and operating conditions that are characteristic of these unipolar detector designs, quantitative experimental determination of their active volume and energy resolution are typically extremely difilcult. And it is just as difficult to determine how robust these perfommnce to these difficult tasks is to use validated computer programs for the characteristics are with respect to the inevitable variation of the of the carrier transpofi properties.
A solution simulation of these devices. A device simulation can give the total control of the device and materials parameters and, in addition, it can allow the examination of all device finctions. We have performed device simulations of three recendy deveIoped unipolar detectors made of Cc&.gZnO.lTe:(1) the laterally-contacted-unipolar-nuclear detector (LUND) [Ref. 3, 41, (2) the SpectrumPlus [Ref. 5] , and (3) the coplanar grid [6] . We did simulations for the best and worst CdZnTe materials that are currently commercially available. Full three-dimensional simulations were performed for both the interaction of the gamma-rays with CZT and for the detector response. The MCNP4B2 program [9] ,.
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was used for realistic and controlled interaction of gamma-rays with the detector. The internal electric fields, tie weighting potentials, the charge induced efficiency maps, and the pulse height spectra were calculated using the SandTMSP [10] . The results show that the unipolar designs give relatively large active device volumes and fairly good ener=r esolutions. However, despite the unipolar designs, these performance characteristics were found to be very sensitive to the materials properties and we conclude that the best available materials are necessary to make the best detectors.
IL Simulation geometry and detector dimensions and biases
In this sectio% we describe the structure, dimensions, and voltage biases of the simulated detectors. For all the detectors, the geometry shown in Fig. 1 was used, and irradiation by a l-mm-diameter '57CSwas assumed to provide monoenergetic gammarays at 662.15 keV. In all cases, the voltage biases consistent with maximum inremal electric field of 100 V/mm were chosen, because the electrons in CdZnTe reaches saturation velocity of-107 crrdsec at this field [11] and also because the leakage current (due to the surface and the bulk) through the materiaI becomes appreciable at this field.
In addition, all the detectors were oriented looking at the source with a face without any electrode.
The LUND had dimensions of 10xl 0x2 mm3. Its cathode and the anode were placed at @e two 10x2 mmz faces. In addition, there was a guard ring 0.1 mm thick located 1.8 mm from the anode. The guard ring was parallel to the anode and was grounded.
Schep.atic
The anode and the cathode were at 180 V and-810 V, respectively.
representations of all three simulated unipolar devices are shown in Fig. 2 .
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The SpectrumPlus detector was a cubic detector of dimensions 5x5x5 mm3. Its cathode was located on one face of the cube. On the opposite face, a circular anode having 0.3 mm radius was placed at the center. one the Same face, a guard structure was placed around the anode. Its inner diameter was 1.5 mm and it extended to the edge of the face. The guard was grounded, and the anode and the cathode were at 120 V and -380 V.
The coplanar~gridwas a cubic detector of dimensions 5x5x5 mm3. Its cathode was located on one face of the cube. On the opposite face, four interdigitated strips are placed as the collecting .tid and the noncoI1ecting .tid. The strips were 0.6 mm thick and spaced 0.6 mm apart. The two noncollecting .tid strips were .gounded~and the two collecting grid strips were at 60 V, and the cathode was biased at -400 V.
HI. Method of Computation
The simulation used several subprograms of the SandTMSP and also of the any secondary photons that were created. Secondary photons were tracked further.
Secondary electrons either deposited all their energy at once or deposited part of their energy and created secondary photons by bremsstrahlung.
The internal electrostatic fields of the detectors and the weighting potentials for the signal electrodes were calculated using the SandTMSP, in which the Gaussian successive over-relaxation method [12] was used to iteratively solve for the threedimensional fields. With each successive iteration, the total ener.~of the field decreased and the fieId converged everywhere. The actual potential field was a sum of the weighting potentials weighted by the biases on the respective electrodes. Fixed boundary conditions were used, and these were chosen to minimize the total energy. The details were sensitive to the boundary conditions, but our main conclusions were not.
For the computation of the internal electric field, we assumed that there was no built-in field within the crystal. This is consistent with the known high resistivities of these semi-insulating materials and hence also with the low free carrier concentrations.
There have been reports of intensified electric field near the cathode, as seen by infrared imaging using the electro-optic effect [14] , however the results are controversial due the possibility of photoionization of deep traps during the measurements [15] .
The charge induced efficiency maps (CIEM'S) were calculated using the SandTMSP, using a transport model described previously [4] . In this model, the charge is
Eq. (3) h and Q. is the initial charge photogenerated by the gamma-ray at t = O and at the position rO, re is the electron lifetime,~k is the hole lifetime, ).J. is the election mobility, I.Jkis the hole mobili~, r..k(rO,t) is the position of the election~d hole chmges as a fiction of time, the totaI electric field is E, andthewe@ting potential for the ith electrode is E;.
In the model, because carrier diffusion is i.mored, the charge carriers move along stream lines, with the velocities and charges dete~ined by the nobilities and the lifetimes of the ,.
carriers. Since detailed treatment of trapping and detrapping is not done, the nobilities and the lifetimes are eflective values that describes the net motion of the charge carriers.
For the planar detector, E = E;, within a possible sign factor, and E is a scalar independent of time and position. In this case. by simple integration of Eq. ( 1), one gets the Hecht relation. For a unipolar device, E # E: and E: is localized and it has a strong spatiaI dependence. Therefore, instead of the Hecht relation, the general expression.
shown in Eq. (1), must be used. In general, this evaluation requires numerical methods and, in our case, we have done this using the SandTMSP. For the LUND, the SandTMSP was previously found to realistically simulate the detector response, and it was used to optimize the device structure [4, 13] . In SandTMSP, the statistical noise associated with the Fano factor is ignored and electronic noise of 1 keV was convoluted with the simulated pulse height spectra. The shaping time for the spectroscopy amplifier was assumed to be long enough to ensure that the ballistic deficit did not occur.
For the electron and hole nobilities and lifetimes, we used values typical of the best and the worst currently commercially available CZT. These parameters are shown in Table I . lower ener=~are more likely to undergo photoelectric absorption, but these do not contribute to the photoelectric peak in a pulse height spectrum. Fig. 4 shows a spectrum of the tota~energy deposited in a 10xl 0x2 and 5x5x5 mm3 CZT in the geome&y shown in Fig. 1 by a 157CSsource. If one had a perfect CZT detector with an infinite good ener=z resolution and 100% active volume, then the best pulse height spectrum one can obtain is such a spectrum. The main features are the photoelectric peak at the highest energy, the x-ray escape peak immediately below it, and the Compton edge. We shall see in a following section how well the unipolar detectors behave in comparison to this ideal case.
V. Computational results and discussion
In this section, we will examine the internal electrostatic field, the weighting potentials, the charge induced ef%ciency maps (CIEM'S), and the pulse height spectra of the LUND, the SpectrumPlus and the coplanar grid. The internal electrostatic fields and the weighting potentials are independent of the carrier transport properties. It only depends on the dielectric constmt of the material, which is known to be 10. The CT.EM'S and the pulse height spectra are dependent on both the carrier nobilities and lifetimes.
V.A. The total internal electrostatic potential
The internal electrostatic potential field determines the motion of the charge earners within the detector, and these are shown in Fig. 5 . From the actial threedimensional fields, the cross sections through the middle of the detectors were taken. In fig. 5 , the contour lines separate every -50 V in the potential field. The motion of the charge carriers follows the electric field lines that are perpendicular to the contour lines.
It can be seen that the field inside the LUND is fairly uniform and hence that most electrons within the detector travel straight to the anode on the right. For this particular LUND structure and biases, the presence of the guard does not significantly disturb the potential field. In the SpectrumPlus, the field is uniform in most of the detector, but it is intensified near the anode. Electrons near the side faces of the SpectrumPlus travel to the guard, whereas the electrons near the center travel toward the anode. In the coplanar grid, the field is uniform in most of the detector, but it has some nonuniformity near the gids. The motion of the electrons in the detector is mostly straight toward the strips.
It is notable that si~nificant fractions of the electrons in the SpectrumPlus and in the coplanar .tid travel to the guard and to the noncollechng .tid, respectively. This also happens in the LUND, but to a less extent. This is important because those electrons induce net zero signal on the~i=~al electrodes. For the optimization of these devices, the internal potential fields need to be engineered to minimize the number of these electrons traveling to the guard structure or to the noncollecting gid.
V.13. The weighting potential for the anode
The weighting potential an electrode is the potential when that electrode is set at 1 V and all the other electrodes are set at O V. In the absence of trapping, it can be shown that the signal induced on that electiode by the motion of the charge carriers is proportional to the change of the weighting potential during the motion. This is known as Cl'EM's shown in Fig. 7 were calculated for the best expected materials parameters shown in Table 1 .
There is no standard definition of the active device region for the unipolar devices-To allow a comparative analysis, let us define it here as the volume consisting of regions of the detector that give charge collection efficiencies within 30°/0 of the maximum. For 1j7Cs, the Compton edge is 30% below the photoelecrnc peak, and, therefore, the practical meaning of the active volume is the volume giving counts above the Compton edge in a pulse height spectrum. Table 2 shows the active volumes for the three detectors, 'for the best and the worst expected materials.
volumes are considerably smaller for the worst materials.
In the LUND, the active device region is a fairly large It can be seen that active area betieen the cathode and the grid. For the SpectrumPlus, the active device region is confined to a cylindrical volume ending at the anode, and this is due to the trajectory of the electrons within the device. For the coplanar grid, the active device volumes are parallelepipeds regions ending at the collecting .tids. As in the SpectrumPlus, only the electrons from these regions end up at the collecting~tid.
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For the coplanar gril one may note that IWOactive device regions do not have the same spatial dependence. This is due to the asymmetry of the internal potential fields, and this is a known effect that can be eliminated by carefully desi=ting the grid spacing, pitch, and symmetry [16] .
V.D. Pulse height spectra
The pulse height spetra for the t'mee unipol= devices are shown in Fig. 8 . The energies of gamma-rays are determined from the photoelectric peak channels in the pulse height spectra. In contrast to the ideal spectia shown in Fig. 4 , realistic spectra have broadened photoelectric peaks that also have low counts. In addition, the low energy counts are larger. These features can be directly attributed to the in-homogeneous spatial response of the detector that can be seen in the CIEM'S shown in Fig. 7 . The simulations were done for the best and the worst expected materials parameters shown in Table 1 .
It can be seen from Fig. 8 that the LUND device perform quite well for the best material. However, for the worst expected material, the photoelectric peak nearly disappears. The spectrum becomes comparable to that of a conventional planar detector (not shown). Similar trends can be seen for the other detectors. For both the SpectrumPlus and the coplanar grid, the photoelectric peak can not been in the worst material. For the best materials, the photoelectric peak, akhough relatively broad, can be seen. By the optimization of the biases and the detector dimensions, one can significantly improve the energy resolution of these devices, as we have shown for the LUND [13] .
Also, by using shorter shaping times for the spectroscopy amplifier, one can also sharpen the photoelectric peak, at the price of introducing balIistic deficit which reduces the overall si~gnaIstrength.
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W. Conclusion
In conclusion, we have performed re~istic and con@oI~ed device simulation of the laterally-contacted-unipolar-nucle~detector, Spec~mplus, and the COpl~m grid made of CdO.gZnO.lTe(CZT) for '37CSirradiation by 662.15 keV gamma-rays. We achieved realistic Monte Carlo simulation of the gamrna-ener=q interaction with the CZT detector using the MCNP4B2, and of the detector responses.
we used the SandTMSP for the three-dimensional computation
The internal potential fields of the detectors were computed and they showed the trajectory of the photogenerated caniers within the detectors. The weighting potentials for the anodes were calculated, to show their deemee of localization.
The charge induced efhciency maps were computecL to show the spatiaIly resolved detector responses. All three detectors were found to have unique spatial response functions and different active volumes. In comparison to the conventional planar detector in which the active device volume is only a few percent of the total volume and corresponds to a small region close to the cathode, the unipolar devices had larger active regions. In addition, the pulse height spectra for the best and the worst expected materials were computed. These materials parameters were taken from literature, from studies of currently commercially available materials. For all three detectors, the photoelectric peak was not even visible for the worst expected material. The best materials were necessary to get the best spectra, indicative of the best performance.
These results show that, despite the relatively large active device volumes, for the best performance, the unipolar devices must be made from the best available materials.
.. 
w.-----"------------------------------------------
